Abstract. Anthranilate synthase in Pseudomonas putida is a two component enzyme system. The proteins, termed AS I and AS II, have respective molecular weights of 65,000 and 18,000. Five additional Pseudomonas species, both tryptophan requiring and independent strains, were examined and all were shown to contain similar two component systems. Anthranilate formation by "amide transfer," with L-glutamine as nitrogen donor, requires both proteins; aiamination," utilizing ammonium ion, proceeds at pH 9 with only the larger component, AS I. The second step unique to tryptophan biosynthesis is catalyzed by phosphoribosyl transferase, in P. putida the trpB gene product. Phosphoribosyl transferase, EC 2.4.2.14, is separable from both AS I and II, and is not required for anthranilate synthesis. This chromosomal and protein organization differs from the array found in the enteric bacteria where phosphoribosyl transferase carries also the AS CoII enzymic activity.
The striking contrast to E. coli is in the second protein. The P. putida AS II is small (molecular weight 18,000) and separate from the PRT protein and from other tryptophan biosynthesis enzymes (ref. 3 
and unpublished data).
The suggestion has been made that the AS II structural protein may serve an amide nitrogen transfer role in other amidetransferase reactions. 3 Since the small protein is separable from the chorismate binding fraction of anthranilate synthase and also from the PRT function, and binds glutamine and glutamine analogs (unpublished data), we have applied the term glutamine amidetransferase to AS II to indicate this role and the possibility of a generalized function in amide nitrogen transfer.' The term anthranilate synthase is retained for the two component enzyme system that catalyzes reaction 1. The Pseudomonas gene coding AS I (trpA) maps in the trpABD cluster.4'5 On derepression, AS I levels increase in parallel with AS II, suggesting to us a possible juxtaposition of structural genes.6 However, since mutants deficient in AS II have not been isolated the structural gene has not been identified. Such mutations may be rare because of the small gene size or, if this gene product serves other functions, such mutants may have been eliminated by our selection.
The present manuscript extends to five additional Pseudomonas species the two component array for the anthranilate synthase activity documented in Pseudomonas putida and demonstrates complementation of these components on an inter-species level. The protein complementation, as measured by amidetransferase activity, suggests homology in two classes: the putida-aeruginosa (p-a) and acidovorans-testosteroni (c-t); P. stuzeri resembles the p-a pair and P. multivorans the c-t pair. The separation of the AS components from the PRT is shown by chemical methods. Methods Table 1 ). The reversion frequencies were <10-8.
Cell growth: All strains were cultured in Vogel-Bonner minimal medium E (VB)14 with appropriate carbon source and growth factor enrichments as indicated Tryptophan auxotrophs from all except the P. putida species grow slowly and cell yields are low in tryptophan-supplemented VB medium; for these 0.05% yeast extract was added. Normal derepression occurred and growth was tryptophan dependent. Two-liter Erlenmever flasks containing 500 ml of broth were incubated 12 hr on a New Brunswick rotary shaker at 200 rpm. P. aeruginosa, P. multivorans, and P. stutzeri were grown at 370C, the others at 30'C. P. aeruginosa and P. putida were grown on 10 mM glucose as carbon source, supplemented with 20 AMM tryptophan; the other strains on-10 mM suceinate. P. testosteroni and P. acidovorans, as shown by MacDonald,'5 required 50 MM itryptophan for growth since they possess tryptophan degrading enzymes.
Preparation of extracts: Cell suspensions were treated with a 10 KC Branson sonic oscillator and the cell debris was removed by centrifugation for 30 min at 25,000 rpm in a Spinco model L 1. All extracts were dialyzed 12 hr versus 20 mM Tris.HCl, pH 7.5 containing 10 mM MgC12 and 13 mM 2-mercaptoethanol.
Enzyme assays: Anthranilate synthase is assayed by fluorometric detection of anthranilate formation at 370C. Milliunits, nmoles/min, provide a convenient level for the assays. The reaction contains in micromoles/ml, Tris-HCl, pH 7. Phosphoribosyl transferase (PRT) was measured as previously described. 17 Chorismic acid was prepared according to Gibson.18 Protein concentrations were estimated by the method of Lowry et al., '9 or by turbidometric assay.A0 Specific activity is defined as units/mg protein; purified anthranilate synthase approaches a specific activity of 15. Enzyme separation: The anthranilate synthase components were prepared from P. putida by a standardized procedure" 3 as follows: AS I is obtained from DNAasetreated cell extracts by heat treatment at 55°C for 8 min followed by ammonium sulfate fractionation. The precipitate at 30-50% saturation is re-dissolved, desalted (with some purification) on a G-100 column, and subjected to DEAE-cellulose chromatography and preparative polyacrylamide gel electrophoresis. AS II is separated from AS I in the gel filtration step as the low molecular weight fraction and is further purified by separate DEAE-cellulose (elutes at 0.1 M KCl) and CaPO4 chromatography (elutes at 3 mM KPO4 buffer). These steps yield homogeneous AS I and AS II fractions as judged by disc gel electrophoresis. The P. putida components used routinely in this study were purified on DEAE-cellulose and were 50-80% pure by disc gel analysis. For critical titrations, and in complementation experiments, AS I fractions free of AS II were used. The AS I fractions used to monitor column effluents in the purification of AS II contained 5-10% residual AS II as measured by unsupplemented to fully saturated activity in the glutamine amidetransferase assay. The AS II fractions were readily freed of AS I; thus, they were inactive alone in either assay.
Results and Discussion. The unique genetic and chemical organization of anthranilate synthase in P. putrda led us to examine related organisms of the genus for enzyme content, subunit organization, regulation, and interspecies complementation, plus any evidence of a glutamine amidetransferase role of the PRT. Earlier hints of similar chromosomal organization in P. putida and P. aeruqinosa,4-5 and the more recent transfer of genes for biosynthetic and catabolic enzymes between these species,2' suggested a study of the composition and pri-mary structure of the anthranilate synthase proteins. Regions specific for protein-protein interaction are equally important as substrate binding sites.
Enzyme levels, anthranilate synthase, and PR transferase: The levels of tryptophan synthetic enzymes in wild type P. putida, growing in minimal VogelBonner medium, respond very little to added tryptophan. In contrast, the concentration of early enzymes of Trp-strains are increased 15-20 times with limiting versus excess tryptophan in the medium.22 On derepression of trpC or trpEF mutants, a more rapid and parallel increase in AS I and AS II occurs as compared to the PRT and indole glycerophosphate synthetase activity; in Ames and Garry plots the latter two were also parallel. ' We compare, in Table 2 , the levels of AS and PRT in tryptophan limited late logarithmic cultures of wild type and Trp-strains of four Pseudomonas species. The enzyme levels in the prototrophic strains vary over a 2-to 4-fold range-no more than one would expect among strains of a single species. The similar wild type levels, and the mutant ratios of repressed to derepressed levels, suggested to us a general similarity in the AS systems among these pseudomonads. One of the apparent exceptions, P. aeruginosa strain PaG13, is attributable in part to higher basal enzyme levels and the P. testosteroni mutant, strain PtG185, is exceptional 23 (see footnote, Table 2 ).
Subunit separation: The separation of the two AS components from PRT is illustrated in Fig. 2 for six pseudomonad species. The two strains added to those in Table 2 are P. stlutzeri, physiologically related to the fluorescent group, and P. multivorans, a relative of the acidovorans-testosteroni group with a higher temperature optimum.9 Filtration columns of Biogel P-150, performed on DNAase-treated extracts, are shown for the wild type strains in Fig. 1 ; Trpstrains gave similar patterns. The putida-aeruginosa-stutzeri components separate readily whereas the acidovorans-testosteroni-multivorans column effluents show only traces of free AS II; the AS I is nearly saturated with AS II.
Chromatography on DEAE-cellulose separates PRT from both the AS I and II and the unresolved AS complex (Fig. 2) . The proteins of the p-a and c-t classes behave differently on these columns. In the p-a extracts the AS II emerges at low ionic strength before PRT; the AS I emerges later, together with small amounts of unresolved AS. In c-t extracts the reverse is true, i.e., AS I is released first and AS II is eluted with the main peak of unresolved AS activity. These properties again differentiate the two classes in these species. The charge and binding characteristics suggest differences in gene composition of the Subunit complementation: The separation of AS into chorismate-(AS I) and glutamine-(AS II) binding protein components allows not only homologous recombination but also formation of hybrid amide transfer systems for anthranilate generation that cross species or even generic boundaries. Within the genus Pseudomonas, two classes of hybrid AS systems were observed, (1) those comparable in activity to native enzyme, and (2) a class of markedly lower activity (Fig. 3) . The first hybrid types were formed by mixing components from P. putida and P. aeruginosa (p-a) or from P. acidovorans and P. testosteroni (c-t), i.e., within these groups the components are interchangeable. The second hybrid type shows only 10-20% of the native enzyme activity and was formed by mixing a p-a component with a c-t component. None of these components gave activity with the Salmonella typhimurium anthranilate synthase components with the possible exception of the P. testosteroni AS II-S. typhimurium AS CoI hybrid, which may show a minimal activity.
Kinetics of amination and amidetransfer in anthranilate synthase: for glutamine (100 times lower), mea-AS I and II in this, and little in the p-a system, but decreases the Km in the c-t system. The velocity of amination is enhanced by 2-5 times by AS II in both systems.
Size of enzyme components: The AS protein components were sedimented with internal standards (malic dehydrogenase and cytochrome c) in sucrose gradients according to Martin and Ames24 and the molecular weights estimated. Extracts were purified through the P-150 or DEAE-cellulose stage; each single component was contaminated by the complementary protein less than 1%, avoiding multicomponent aggregation.
The P. putida and P. aeruginosa components are of comparable molecular weight, AS I about 64,000, AS II about 18,000. For the acidovorans-testosteroni system, AS II is similar to the p-a subunit but the AS I, at 71,000, is slightly AB P putida ASI P putida ASIE 
